Tolerance is observed for a variety of central nervous system depressants including ethanol, which is an anesthetic, but has not been convincingly demonstrated for a potent halogenated volatile anesthetic. Failure to demonstrate tolerance to these agents may be the result of inadequate exposure to anesthetic. In this study, we exposed Xenopus laevis tadpoles to surgical anesthetic concentrations of isoflurane for 1 wk. METHODS: Xenopus laevis tadpoles were produced by in vitro fertilization, and exposed to isoflurane (0.59%, 0.98%, 1.52%) or oxygen for 1 wk starting from the time of fertilization. RESULTS: Changes in anesthetic EC 50 were small and not in a consistent direction. Control animals had an anesthetic EC 50 of 0.594% Ϯ 0.003% isoflurane. Tadpoles exposed to 1.52% isoflurane had a lower EC 50 than controls (by 16%), whereas tadpoles raised under 0.59% and 0.98% isoflurane had higher EC 50 s than control (by 4.7% and 7.4%, respectively). CONCLUSION: We provide the first description of week-long exposures of vertebrates to surgical anesthetic concentrations of isoflurane, and the first report of such exposures in developing vertebrates. Tolerance to isoflurane does not occur in developing Xenopus laevis tadpoles. Taken together with studies in other organisms, the development of tolerance to ethanol but not isoflurane suggests that mechanisms shared by these drugs probably do not account for the development of tolerance.
INTRODUCTION:
Tolerance is observed for a variety of central nervous system depressants including ethanol, which is an anesthetic, but has not been convincingly demonstrated for a potent halogenated volatile anesthetic. Failure to demonstrate tolerance to these agents may be the result of inadequate exposure to anesthetic. In this study, we exposed Xenopus laevis tadpoles to surgical anesthetic concentrations of isoflurane for 1 wk. METHODS: Xenopus laevis tadpoles were produced by in vitro fertilization, and exposed to isoflurane (0.59%, 0.98%, 1.52%) or oxygen for 1 wk starting from the time of fertilization. RESULTS: Changes in anesthetic EC 50 were small and not in a consistent direction. Control animals had an anesthetic EC 50 of 0.594% Ϯ 0.003% isoflurane. Tadpoles exposed to 1.52% isoflurane had a lower EC 50 than controls (by 16%), whereas tadpoles raised under 0.59% and 0.98% isoflurane had higher EC 50 s than control (by 4.7% and 7.4%, respectively). CONCLUSION: We provide the first description of week-long exposures of vertebrates to surgical anesthetic concentrations of isoflurane, and the first report of such exposures in developing vertebrates. Tolerance to isoflurane does not occur in developing Xenopus laevis tadpoles. Taken together with studies in other organisms, the development of tolerance to ethanol but not isoflurane suggests that mechanisms shared by these drugs probably do not account for the development of tolerance. Tol erance, defined as the diminished effect of a drug with time, is observed for several central nervous system depressants, including barbiturates, 1 ethanol, 2 nitrous oxide, 3 and benzodiazepines. 4 Potent halogenated clinical anesthetics, such as isoflurane and desflurane, are thought to share certain mechanisms with these drugs. For example, barbiturates, 5 ethanol, 6 benzodiazepines, 7 and potent halogenated drugs 6 all positively modulate ␥-aminobutyric acid (GABA) type A (GABA A ) receptor function. Nitrous oxide, ethanol, and isoflurane inhibit N-methyl-d-aspartate receptor function. 8, 9 There is additional evidence of a common mechanism between potent halogenated anesthetics and alcohol. Desflurane is additive in its effects with ethanol. 10 The similar modulation of N-methyl-daspartate, 9 GABA A and glycine 6 receptor function by isoflurane and ethanol is attenuated by the same point mutations on those receptors. 6, 9 Indeed, it has been proposed that ethanol and isoflurane bind to the same site on glycine receptors. 11 Despite this similarity in mechanism, unlike ethanol, tolerance to potent halogenated anesthetics has not been convincingly demonstrated.
Attempts to demonstrate tolerance to potent inhaled anesthetics have generally focused on short (minutes to hours) exposure to surgical anesthetic concentrations of anesthetics in order to mimic clinical situations, or longer exposures (days) to lower, subanesthetic concentrations in order to address mechanistic questions. For example, burst suppression on electroencephalogram produced by approximately two minimum alveolar anesthetic concentration (MAC) desflurane has been reported to change to continuous electrical activity after approximately 30 min in dogs. 12 However, a similar protocol showed no electroencephalogram evidence for tolerance to desflurane in swine. 13 MAC to halothane does not change over 500 min in dogs. 14 Mice continuously exposed to 0.15% or 0.30% atm isoflurane for 21 or 42 days showed small (2%-9%) but insignificant increases in the righting reflex EC 50 .
Lack of development of tolerance to a potent inhaled anesthetic would be of considerable mechanistic significance, because it would indicate a difference in mechanism of action with other, tolerance-producing drugs 15 and, in particular, would suggest that common molecular mechanisms are unlikely to be involved in producing tolerance. However, lengthy exposures over the course of days to high concentrations of inhaled anesthetic have not been attempted in efforts to produce tolerance, perhaps because of the difficulty in caring for animals anesthetized for these longer spans of time. In the present report, we studied this concentration range. We exposed animals to concentrations of isoflurane larger than MAC for a week to determine whether tolerance developed. To circumvent the husbandry issues associated with long-term exposure of most animals to immobilizing concentrations of anesthetic, we exposed developing tadpoles to isoflurane. In their first week of life, tadpoles subsist on their yolk sac and do not require food. Tadpoles were produced by in vitro fertilization, and exposed to isoflurane from the moment of fertilization until approximately 1 wk of age.
In humans, more than 50% of acutely intoxicated patients have a blood alcohol concentration of 150 mg/dL. 15 By contrast, patients who chronically ingest alcohol can have more than twice this blood alcohol concentration (300 -400 mg/dL) without sedation, a concentration that approaches the lethal concentration in a nontolerant individual. 15 Thus, EC 50 s more than double with tolerance to ethanol in humans. In this study of isoflurane, we regarded a 25% increase in EC 50 as the lowest increase indicative of tolerance.
METHODS
All studies in animals were approved by the University of California at San Francisco institutional animal care and use committee. Tadpoles were raised by in vitro fertilization. 16 A sexually mature, 9 cm Xenopus laevis female (Nasco, Modesto, CA) was primed with 50 IU human chorionic gonadotropin (hCG) (1 IU/L) (Sigma, St. Louis, MO) injected into the dorsal lymph sac. Seven days later ovulation was induced by injecting 800 IU hCG into the dorsal lymph sac. After induction, the frog was kept in high salt modified Barth's solution (high salt MBS) (108 mM NaCl, 1 mM KCl, 1 mM MgSO 4 , 5 mM HEPES, 2.5 mM NaHCO 3 , 0.7 mM CaCl 2 , adjusted to pH 7.0). Egg laying began 6 -12 h later. A male frog was euthanized; the testes were removed and kept in 1 ϫ MBS (88 mM NaCl,1 mM KCl, 1 mM MgSO 4 , 5 mM HEPES, 2.5 mM NaHCO 3 , adjusted to pH 7.0) on ice. A sperm slurry was made by crushing testes with a razor blade in a small amount of 0.1 ϫ Marc's modified ringer's (MMR) ϩ gentamicin (10 mM NaCl, 0.18 mM KCl, 0.2 mM CaCl 2 , 0.1 mM MgCl 2 , 0.5 mM HEPES, 50 g/mL gentamicin, adjusted to pH 7.0); this solution was kept on ice until the fertilization step.
Eggs were collected within 10 min of laying, and placed in 100 ϫ 15 mM Petri dishes (Fisher Scientific, Pittsburgh, PA). The high salt MBS was decanted, and the eggs were covered with the sperm slurry. After successful fertilization, as indicated by upward rotation of the animal pole, eggs were placed in 0.1 ϫ MMR equilibrated with the isoflurane concentration under study. The eggs were kept in batches of up to 30 -40 in Petri dishes in 0.1 ϫ MMR ϩ gentamicin for the first 2 days; subsequently, the developing embryos were kept in 0.1 ϫ MMR without gentamicin. Medium was changed every day.
Petri dishes were kept in gas-tight plastic cylinders with rubber stoppers at both ends. Air (control) or varying concentrations of isoflurane in air delivered by vaporizer was passed through the cylinders at 60 mL/min. Dry gasses passed through a humidifier before being introduced into the cylinders.
Anesthetic potency was tested in tadpoles at 7-8 days after fertilization using established, validated methods. 17 Fertilized eggs 112, 25, 26, and 25, respectively, were initially placed in 0.00%, 0.59%, 0.98%, and 1.52% isoflurane. However, only 30 control tadpoles (0% isoflurane group) were used for testing of anesthetic response. Tadpoles were scored for survival and gross morphological abnormalities on days 4, 6, and 7 or 8. Those with gross morphological abnormalities were not tested for anesthetic response.
To test anesthetic potency, tadpoles were placed in 100 mL cylindrical glass containers containing 0.1 ϫ MMR with isoflurane. Isoflurane was bubbled into this solution at a rate of 120 mL/min. The system was covered with a plastic top and allowed to equilibrate for 20 min. A small sample of gas was drawn with a gas-tight syringe through a line hanging just above the liquid and analyzed by gas chromatography.
Tadpoles were prodded on their side for 30 s with a glass rod, or until they moved, whichever occurred first. Tadpoles that responded to any amount of prodding were classified as moving. Tadpoles that did not respond to prodding were classified as nonmoving and tadpoles were removed and placed in isoflurane-free 0.1 ϫ MMR for recovery. The concentration of isoflurane was increased by approximately 20% for the tadpoles that moved, and the procedure of equilibrating the 0.1 ϫ MMR and testing for movement in response to prodding was repeated until a concentration of isoflurane was found at which no tadpole moved.
Sample Size
Sample size was calculated based on pilot data which suggested that, under control conditions, the isoflurane EC 50 in tadpoles would be approximately 0.6% atm with a Hill coefficient of 12. This Hill coefficient corresponds to a standard deviation in the underlying distribution of EC 50 s of about 0.08% atm. 18 As noted previously, we regarded tolerance resulting in an increase in EC 50 by at least 25%, from 0.6% to 0.75% atm, as biologically important. To have a 90% probability of detecting an effect of this size at the 1% significance threshold using an unpaired t-test required at least 10 tadpoles per group.
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Statistics
The fraction of nonmoves as a function of isoflurane concentration was analyzed by nonlinear regression to a Hill equation. EC 50 s and Hill coefficients were calculated and used to compare the curves. Comparisons of means between groups was done using a Student's t-test, or an analysis of variance with the Student-Newman-Keuls test used for post hoc multiple comparison testing. We considered tolerance to have developed if there was a concentration-dependent increase in anesthetic EC 50 with exposure to increasing concentrations of isoflurane during development. We regarded tolerance resulting in an increase in EC 50 by at least 25% as biologically important and amenable to further study. Data on abnormalities and mortality were compared using a 2 test. Where appropriate, a Bonferroni correction was used. P Ͻ 0.05 was considered significant.
RESULTS
The concentration-response curves in Figure 1 show the relation between isoflurane exposure and evoked movement in tadpoles. The EC 50 and Hill coefficient for each of these curves is tabulated in Table 1 .
There was a statistically significant difference in the EC 50 s (one-way analysis of variance F 3,68 ϭ 46.50, P Ͻ 0.001). A post hoc Student-Newman-Keuls test showed that all of the groups differed at the 0.05 significance threshold from control, with tadpoles treated with 1.52% isoflurane having a lower EC 50 than controls (by 16.2%), and tadpoles raised under 0.59% and 0.98% isoflurane having higher EC 50 s than control (by 4.7% and 7.4%, respectively). There was no significant difference in Hill coefficients (F 3,68 ϭ 2.29, P ϭ 0.087). Figure 2 shows the fraction of tadpoles that were healthy (i.e., did not die and were not morphologically abnormal) at 4, 6, and 7 or 8 (denoted 7/8) days after fertilization as a function of their isoflurane exposure. At 4 days, there was no difference in survival among control animals or animals raised in any concentration of isoflurane (P Ͼ 0.05). At days 6 and 7/8 healthy survival was high and unchanged in the control and 0.56% isoflurane groups. However, animals exposed to 0.98% isoflurane and 1.52% isoflurane began to die or develop morphological abnormalities by day 6 (P Ͻ 0.005 for both groups). Table 2 lists the number of animals that died or developed morphological abnormalities in each treatment group at these times.
DISCUSSION
We used tadpoles to address the question of whether isoflurane could produce tolerance in a vertebrate. We chose to use tadpoles because week-long exposures to high concentrations of anesthetic are possible in this animal, because they have many of the same neurotransmitters (e.g., GABA A , glycine, glutamate, acetylcholine) and anatomic substrates (forebrain, hindbrain, spinal cord) as more complex vertebrates and, most importantly, because tadpoles have been used as a model organism to study mechanisms of anesthetic action. 17, 19, 20 The isoflurane concentrations we used were equivalent to 0.4 to 1 MAC in mice or rats. Keeping sufficient numbers of rats or mice healthy while exposed continuously to these concentrations of isoflurane for 7 days would have posed significant Figure 2 . Xenopus laevis tadpoles were raised from zygotes to 1 wk old tadpoles in air, or in air with 0.59%, 0.98%, or 1.52% atmospheres isoflurane. The fraction of tadpoles that were healthy (did not die and had no morphological abnormalities) on days 4, 6, and 7/8 is shown here (some animals were studied on day 7, and some on day 8; these results were pooled and are denoted 7/8). At 4 days, there was no difference in survival among control animals or animals raised in any concentration of isoflurane. Animals exposed to 0.98% isoflurane and 1.52% isoflurane began to die or develop morphological abnormalities by day 6. n is the number of tadpoles studies for each treatment. a Tadpoles were exposed to these concentration of isoflurane for 7 or 8 days. husbandry (and ethical) issues. For example, the animals would need to be fed and hydrated while anesthetized, and body temperature and airway patency would have to be monitored and maintained around the clock. These issues were not present in developing tadpoles. Although the isoflurane concentration we used reduced spontaneous movement in tadpoles, in their first week of development tadpoles derive nutrition from their yolk sac and have none of the aforementioned care requirements. Our tadpoles were raised in an aqueous environment at room temperature (averaging 22°C in our laboratory). Because the potency of volatile anesthetics delivered in the gas phase increases as temperature decreases, 21 the gas phase concentrations we report place a lower limit on the MAC fraction of isoflurane we applied. However, even without a correction for temperature, ours are the highest concentrations that have been used in any study of anesthetic tolerance in vertebrates. At the highest exposure, tadpoles were exposed to approximately three times their anesthetic EC 50 during development.
Although we found statistically significant effects of prolonged treatment with isoflurane on the concentration of isoflurane required to prevent movement in Xenopus laevis tadpoles, this effect was small and varied from at most a 7.4% increase in EC 50 (with exposure to 0.98% isoflurane for 1 wk) to a 16.2% decrease in EC 50 (with exposure to 1.52% isoflurane). This decrease is in the opposite direction expected for tolerance. Possibly, the presence of isoflurane throughout development led to compensation for the presence of isoflurane. Because the observed effects were small and there was no consistent direction to the change in EC 50 over a range of isoflurane concentrations, these effects are probably of little biological significance. Given the small and inconsistent effects we observed at 1 wk, it is doubtful that shorter exposures, which might correspond to the duration of surgical procedures, would produce measurable effects. We conclude that tolerance does not develop in tadpoles with exposure to isoflurane. Our results are in accord with other published studies that fail to show tolerance to halogenated clinical anesthetics at lower concentrations or with shorter exposures.
At the two higher concentrations of isoflurane, some animals died in the course of the study. Might the loss of these animals have biased our results by selecting for animals with isoflurane EC 50 s that promoted survival? Although we cannot exclude this, we think selection, if present, would have biased the data in favor of producing tolerance. We reasoned that animals that were particularly sensitive to isoflurane, with lower EC 50 s, should have succumbed to exposure to isoflurane, rather than those that were more resistant to isoflurane and had higher EC 50 s. This would have enriched the remaining population in animals with higher EC 50 s. That there was no increase in EC 50 at the highest concentration, and only small increases at lower concentrations, in the face of possible selection, strengthens our conclusion that tolerance did not develop.
We did not design our study to evaluate possible toxic effects of isoflurane during development; however, developing Xenopus laevis tadpoles are an established model for these effects. The Frog Embryo Teratogenesis Assay-Xenopus model, and modifications thereof, 22 use procedures similar to ours. The Frog Embryo Teratogenesis Assay-Xenopus test concludes on day 4, at which time the number of abnormalities and deaths are totaled and compared between treatment groups. We determined the cumulative number of abnormalities and deaths in each group by day 4 and asked whether there were differences between groups in this measure. Although at the two higher concentrations, some morphological abnormalities were present while none were present at the two lower concentrations, and there was a greater frequency of deaths in the control (no isoflurane) group, the total number of deaths and abnormalities combined did not differ between any of the isoflurane exposure groups and the control group over this span of time (P Ͼ 0.05). However, by day 6 and day 7/8, there were significantly more abnormalities and deaths in the 2 highest isoflurane exposure groups compared to control, but not in the lowest isoflurane exposure group. While this might suggest a toxic or teratogenic effect to high or prolonged exposures to isoflurane, the clinical relevance of this finding is questionable, since surgical procedures during pregnancy do not expose developing human fetuses to isoflurane over such a large period of their development. The finding of toxicity from isoflurane in developing Xenopus laevis tadpoles would be of concern if there were a short but crucial time when exposure to isoflurane is deleterious in humans, but this is a situation for which there is currently no evidence. A variety of microorganisms respond to long-term exposure to anesthetics by changing the composition of their membranes. [23] [24] [25] This is presumably part of a general response to changing environmental conditions, which allows the organism to compensate for perturbations in membrane properties produced by chemicals in the environment. This response might be considered to produce "tolerance" in these organisms. We did not investigate membrane compositional changes in tadpoles, reasoning that because vertebrates regulate their internal milieu, there would be no selection to maintain such a mechanism. The lack of tolerance of Xenopus laevis tadpoles to isoflurane in this study suggests either that we were correct in thinking that this mechanism does not occur in Xenopus laevis, or that the mechanism occurs but has little functional effect.
In summary, we provide the first description of week-long exposures of vertebrates to surgical anesthetic concentrations of isoflurane, and the first report of such exposures in developing vertebrates. We conclude that tolerance to isoflurane does not occur in developing Xenopus laevis tadpoles. Taken together with studies in other organisms, the development of tolerance to ethanol, but not isoflurane, indicates that molecular mechanisms shared with isoflurane probably cannot account for the development of tolerance to ethanol.
